Gradients of ion channels across the left ventricular free wall of the heart have been found for a number of repolarizing ion channels. Amongst these are the cAMP-activated chloride channels encoded by cftr. In this report, we show that the epicardial (higher) to endocardial (lower) gradient of cftr mRNA found in adult rabbit hearts is not present in embryonic hearts. The gradient starts to develop shortly after birth, and over a period of 5±6 weeks increases to the levels found in the adult. This is the ®rst report of the developmental regulation of any cardiac ion channel mRNA gradient. q
The coordinated regulation of cardiac electrical activity is critically dependent on the tightly regulated patterns of ion channel expression in the heart. Gradients of different repolarizing ion channels have been observed in the heart at the protein and mRNA levels (e.g. Takano and Noma, 1992; Dixon and McKinnon, 1994; James et al., 1996; Brahmajothi et al., 1997) . Recently we have shown that the 2.5:1 gradient in the cAMP activated chloride channel density across the left ventricular free wall (LVFW: epicardial . endocardial) in adult rabbit heart is precisely mirrored by a 2.5:1 gradient in mRNA expression of the underlying gene, the cystic ®brosis transmembrane conductance regulator (cftr). Since the physiological stresses imposed on the heart and normal cardiac activity change during development, we hypothesized that ion channel mRNA gradients may be developmentally regulated.
Autoradiographs of sections of adult, neonatal day 7 (D7) and neonatal day 1 (D1) hearts, which had been probed with sense and antisense riboprobes for the heart speci®c isoform of cftr (Horowitz et al., 1993) , are shown in Fig. 1A±F . The adult heart shows a clear gradient of cftr mRNA expression (epicardium: endocardium~2.5:1, Fig. 1E ). The signal was much lower and more uniformly distributed in D1 hearts; indicating uniform cftr expression throughout the left and right ventricular free walls and septum. Similar uniform patterns of cftr mRNA expression were observed in embryonic day 22 (E22, gestational period is 31±32 days) and E30 hearts (see Fig. 1I ), and the levels of cftr mRNA present during embryonic stages of development were signi®cantly lower than those present in neonatal and adult hearts. The gradient of cftr mRNA expression ®rst became signi®cant in D4 neonatal hearts and by D7 this gradient is clearly visible on the autoradiographs (Fig. 1C) . The gradient does not reach the level seen in adult hearts until 5±6 weeks after birth (Fig. 1I ). Densitometric analysis of control sections, in which glyceraldehyde-3-phosphate dehydrogenase (gapdh) and myosin light chain-2v (mlc-2v) mRNA expression were analyzed, at all time points, show a constant level of mRNA across the epicardial to endocardial surface of the LVFW (e.g. Fig. 1G,H) . This indicates that the observed gradient of cftr mRNA expression is not due to variation in section thickness between epicardial and endocardial portions of the frozen sections or any other technical artefact. Measurements across the epi-to endocardial right ventricular free wall did not reveal a gradient of cftr mRNA expression at any time point (data not shown).
These results indicate that the molecular signal(s) that initiate development of this gradient of cftr mRNA across the LVFW must occur earlier than D4. This corresponds to a period of signi®cant hormonal changes, including surges in cortisol, thyroid hormones and catecholamines, that contribute to organ maturation in preparation for life outside the womb (Fowden, 1995) .
Methods
In situ hybridization was carried out essentially as described previously (Trezise et al., 1993) . The cftr probes used have been described previously (Wong et al., 1999) . After in situ hybridization slides were exposed to X-ray contact sheets for either 6 or 48 h. Contact sheets were scanned using a UMAX Powerlook III scanner. Optical density was calibrated for each contact sheet using a photographic step tablet (Kodak), and measurements were made using NIH Image 1.62b7. Density measurements were made in triplicate from at least six sections for each of three to four hearts for each developmental stage. Fig. 1 . In situ hybridization sections from neonatal D1, D7 and adult rabbit hearts probed with antisense (A,C,E) and sense (B,D,F) cftr riboprobes. False colour images were obtained using a linear transformation in NIH Image software (v. 1.62b7). The scale to the right of (B) indicates the densitometric values. There is a uniform pattern of expression in the D1 heart (A), whereas there is a clear gradient of expression across the LVFW in the adult heart (C). The gradient is also apparent in the D7 heart (B). In situ hybridization sections from adult LVFW probed with antisense mlc-2v (G) and gapdh (H) riboprobes show uniform patterns of expression across the LVFW. Contact sheets were developed after 48 h (cftr) or 6 h (gapdh and mlc-2v). Scale bars, 1 mm (A±D); 2 mm (E±H). (I) The density of epicardial (®lled boxes) and endocardial (open boxes) cftr mRNA (AS-S) signal at different developmental stages. Data are presented as mean^SEM. All values were normalized relative to the level of gapdh. *The difference between epicardial and endocardial levels of expression is signi®cantly different (P , 0:05, ANOVA). (J) Comparison of cftr (AS-S) and gapdh (AS-S) expression pro®les across the LVFW (mean^SEM, n 4) measured from contact sheets exposed after 48 h. The gapdh signal was approximately an order of magnitude higher than the cftr signal (N.B. different scales on the vertical axis).
